We report on a theoretical and experimental study of state-selective differential single-electron transfer cross sections between Na ϩ ions and Rb(5s,5p) atoms at collision energies of 2, 5, and 7 keV. A two-center multichannel semiclassical impact parameter close-coupling method with straight-line trajectories was used to obtain single-electron capture amplitudes. By combining with the eikonal approximation, we calculated the angular differential cross sections. These results are compared to the experimental data obtained with Rb targets cooled in a magnetic optical trap. It is shown that there is generally a good agreement between the present calculations and the experiments. In spite of the higher resolution offered from the cold target, the rapid oscillations in the differential cross sections are not resolved by the experiments.
I. INTRODUCTION
When an ion collides with an atom, processes such as excitation, charge exchange, and ionization can occur. For slow ion-atom collisions, a charge-transfer reaction is the dominant process. There is a considerable amount of experimental measurements and theoretical calculations on electron-transfer cross sections in collisions between singly charged ions with neutral atoms. In particular, collisions between singly charged alkali ions and neutral alkali atoms have been studied since the 1960s. However, most of these studies were carried out in a higher-energy region and the final states of the charge-transfer products were not determined.
Collisions between protons as well as alkali ions with Na targets have been investigated extensively by Andersen and co-workers in the 1990s ͓1͔ ͑reference within͒. The differential charge-transfer cross sections have been measured ͓2-7͔ and compared to close-coupling calculations based on the two-center atomic orbitals or on molecular orbitals ͓8-12͔. Since the differential cross section is sharply forward peaked, the theoretical results had to be folded with experimental angular resolutions and some detailed structure was lost. In this paper, we report on the results from theoretical calculations and the comparison with experimental results obtained from the so-called magneto-optical trap and target recoil momentum spectrometer ͑MOTRIMS͒ apparatus at Kansas State University. The setup allows the determination of state-selective charge-transfer cross sections, as well as the differential cross section to each state. Specifically, we focus on the collisions of Na ϩ ions with Rb, either initially in the 5s 1/2 ground state or initially in the excited 5p 3/2 states. Collision energies are 2, 5, and 7 keV in the laboratory frame. We will concentrate on the differential cross sections for capture to the dominant final states.
The rest of the paper is organized as follows. In Sec. II, the essentials of the MOTRIMS experiment are briefly discussed. The semiclassical close-coupling method and the parameters for modeling the collision as a one-electron system are described in Sec. III. The results of the calculated differential cross sections and the comparison with experimental data are given in Sec. IV. It is shown that the current experimental angular resolutions are still incapable of testing the oscillations predicted in the theory. A short summary is given in Sec. V. Atomic units are used throughout unless indicated otherwise.
II. EXPERIMENT
A simplified schematic of the experimental setup is shown in Fig. 1 . Details of the apparatus will be presented elsewhere. Briefly, the setup consists of a magneto-optical trap ͑MOT͒ and a target recoil momentum spectrometer ͑TRIMS͒. The MOT consists of a system of diode lasers and accompanying optics, and a pair of anti-Helmholtz coils that are used to set up a magnetic-field gradient of approximately 5 G/cm. The spectrometer consists of a series of metal plates, appropriately biased to create two constant electric-field regions, followed by a field-free drift region, followed by a two-dimensional position-sensitive detector ͑PSD͒. Not shown in Fig. 1 is the vacuum chamber shared by the MOT and TRIMS. Because of the combination of the MOT and TRIMS techniques, this approach has been dubbed MOT-RIMS ͓13͔.
The target temperature is typically 250 K, as determined by the ''release-and-recapture'' method. Using a measurement technique to be described below, the total target density was determined to be approximately 1ϫ10 10 cm Ϫ3 . Background pressure in the collision chamber is typically 4 ϫ10 Ϫ9 Torr. Excellent reviews on TRIMS exist in the literature ͓14 -16͔. Briefly, target ions created in a collision are extracted by the two sequential electric fields, and are allowed to drift in the field-free region before striking the PSD. The spectrometer geometry and electric fields are arranged so as to minimize spread in ion time of flight ͑TOF͒ and position on the PSD due to initial position. Thus, through the TOF and final position, one may deduce the recoil ion momentum vector at the time of the collision. A key concept of the TRIMS method is that one may relate the components of the recoil ion momentum to the projectile scattering angle and the collision Q value. For single-electron capture,
and
where p is the projectile scattering angle, p Ќ and p ʈ are, respectively, the recoil momenta perpendicular and parallel to the projectile axis, v p is the projectile velocity, m p is the projectile mass, and Q, the collision Q value, is defined by
In general, the TOF resolution is better than the PSD resolution. Therefore, in order to optimize the resolution in Q value, the recoil spectrometer is oriented with its extraction fields nearly parallel to the projectile axis. Thus, p ʈ , and therefore the Q value, is determined by time of flight.
In general, the momentum ''kick'' given to the recoil ion is comparable to the thermal momentum spread of a roomtemperature atom. Thus, for the TRIMS technique to give useful momentum information, it is necessary to cool the target. Generally this is done through the precooling and supersonic expansion of the target. Here, however, the MOT provided a target that is roughly three orders of magnitude colder than available through supersonic expansion. In this system, then, the resolution is not limited by target temperature, but by other properties of the apparatus: The p ʈ is currently limited to 0.03 a.u. by the energy spread in the projectile ion beam ͓17͔; while p Ќ is limited to 0.086 a.u. by the PSD.
In this work we report on charge transfer from both the ground and first excited states of Rb. Though the trapping and cooling process leaves some fraction of the Rb in the 5 p 3/2 state, it is critical to determine what this fraction is. To do this we employ a different method, described in more detail elsewhere ͓18͔, which relies on both the extremely low target temperature and the tremendous Q-value resolution inherent in the MOTRIMS technique. Briefly, the trapping laser beams are chopped with a 75% duty cycle at 50 kHz. ''Laser-on'' and ''laser-off'' Q-value spectra are then compared. Because the atoms do not move an appreciable distance during a single on-off period, the change in Rb(5s) population is exactly equal and opposite to the change in the Rb(5p) population. One can easily show that this allows the determination of both the ratio of the 5s and 5p populations and the ratio of capture cross sections from these states. Once the excited-state fraction has been thus measured, an accurate measurement of the target fluorescence and spatial dimension is sufficient to determine the target density. Typically, excited-state fractions of 22% were obtained. Because the day-to-day excited-state fraction could vary ͓19͔, they were measured in situ for each cross-section measurement presented here. Figure 2 shows an example of experimental chargetransfer cross section versus Q value, for a collision energy of 7 keV. The individual capture channels are clearly resolved. Figure 2͑a͒ was taken when the lasers were blocked, while Fig. 2͑b͒ was taken with the lasers unblocked. Thus, the former represents capture from the ground state only, while the latter represents capture from both ground and excited states. In comparing these two plots, the additional channels opened up through capture from Rb(5p) are readily visible. With knowledge of the excited-state fraction, these two curves yield relative cross sections for capture, from a pure ground state and a pure excited state, into all the various final states.
In order to obtain cross-section differential in capture channel, a software gate is set on a single peak in the Q-value plot, and the corresponding PSD data are recorded. The result is integrated about the axis parallel to the beam FIG. 2. Relative capture cross section versus Q value for a collision energy of 7 keV. In ͑a͒, the trapping lasers are blocked, while in ͑b͒ they are unblocked. The different channels are labeled by the final state in sodium. Asterisks indicate channels in which capture is from Rb(5p).
direction; the radial position on the detector is then related to scattering cross section via Eq. ͑1͒.
III. THEORETICAL METHOD
The semiclassical close-coupling theory of atomic collisions has been described by Fritsch and Lin ͓20͔ and by Bransden and McDowell ͓21͔. For the scattering calculation we used the same form of theory as Kuang and Lin ͓22͔. Briefly, the time-dependent wave function is expanded in terms of bound atomic orbitals plus continuum states on each center, each with appropriate plane-wave translational factors. The atomic orbitals are expressed in terms of eventempered basis functions
where Ỹ lm (r) consists of a spherical harmonic multiplied by r l ; N l ( k ) is a normalization constant, and the orbital exponents k are taken to form a geometric sequence
Two parameters ␣ and ␤ can be determined by energy minimization. For low-energy alkali ion-atom collision, only the outer electron is active in the charge-transfer process. The Rb and Na are each treated as a one-electron system with the core being frozen. The active electron in each atom is governed by a model potential:
The parameters in these model potentials are chosen such that the experimental binding energies of the first few states of interest are well reproduced. In fitting the potential parameters, the wave functions are calculated numerically. Once the potential is chosen, we then make sure that the atomic orbitals are adequately represented by combinations of eventempered functions, with properly adjusted ␣ and ␤ parameters.
In the present close-coupling calculations with atomic orbitals on the two collision centers, we have a set of 33 atomic states with lр2 in the Na center. Similarly, a set of 35 atomic states with lр2 is used for the Rb target. In order to assure the size of the basis set used is adequate for converged results, we have checked the state-selective capture probabilities with a larger basis set ͑i.e., lр3) for a few impact parameters and found that the difference between the two sets calculation is about 1-3 %, and thus this will not significantly alter the results of our calculations. Tables I and II show the energies of the bound and pseudocontinuum states of Na and Rb, respectively, used in the close-coupling calculation. For the bound states, the binding energies obtained from the model potentials are also compared to the experimental values ͓23͔. The pseudostates are used in the basis set to help describing the distortion of the electronic orbitals at smaller internuclear separations. For the three collision energies dealt with here, the charge- transfer amplitudes oscillate rapidly with impact parameters. To ensure good convergence in the differential and total charge-transfer cross sections, we calculated up to 203 impact parameters. For each impact parameter, the coupled equations from the close-coupling approximation are integrated from tϭϪ200 to ϩ250 a.u. We consider collisions with Rb initially in the ground state, as well as in the 5p state.
To obtain the differential cross sections, we employ the eikonal approximation ͓21͔. The angle-differential cross section ͑DCS͒ for an inelastic transition from an initial state i to a final state f can be written as the absolute square of a scattering amplitude A f i at a given angle ,
where the scattering amplitudes A f i are determined in turn from the impact-parameter-dependent transition amplitudes, and are given by
with ␥ϭ(Ϫi) ͉m f Ϫm i ͉ϩ1 , the reduced mass, the relative collision velocity, and m f (m i ) the magnetic quantum number of the final ͑initial͒ state. The function J denotes a Bessel function of the first kind and C f i is the semiclassical transition amplitude, evaluated for a given impact parameter b. The additional phase e 2(i/)Z T Z P ln b is the eikonal phase due to the Coulomb repulsion between the two nuclei and Z T (Z P ) is the effective charge of the target ͑projectile͒ that defines the Coulomb trajectory of the two colliding nuclei. Since charge-transfer occurs far outside the core of both atomic ions, an effective charge of 1 was used for each.
The numerical evaluation of the diffraction integral ͑9͒ should be done carefully since it involves rapidly oscillating integrands. We divide the range of impact parameters into small sectors, and within each sector the integrand is expressed as F(b)exp(i ln b). The evaluation of the integral over the sector is done by substituting xϭln b and rewriting the integral to be in the form of
where we have fitted the function F(b) within the sector by a quadratic function. The integration over this sector can then be performed analytically. For a converged result, it is essential to ensure that within each sector the function F(b) is well behaved with respect to xϭln b. The accuracy of this algorithm can be checked by varying the size of the sectors or by using another algorithm, such as the Simpson rule. We further check that the total cross sections obtained by integrating DCS over scattering angles and by integrating electron-capture probabilities over impact parameters are identical.
IV. RESULTS AND DISCUSSION
In this section, we present the calculated differential cross sections for various final states and compare these to the experimental measurements by folding the calculated cross sections with the experimental angular resolution. We also provide impact-parameter weighted probabilities and the unconvoluted DCS to show that the current experimental resolution is insufficient to confirm the predicted oscillatory structures. Both scattering angles and differential cross sections are referenced to the laboratory frame.
A. Na
¿ ¿Rb"5s…
For collision energies of 2, 5, and 7 keV, the two dominant charge-transfer channels in Na ϩ ϩRb(5s) collisions are into Na(3s) and Na(3p) states. The total charge-transfer cross section for each state was obtained from
From Table III , we see that in this energy range, capture to 3 p dominates over 3s. All the other channels are much weaker and are not observed in the experiment except at the highest collision energy where capture to Na(3d) represents only a few percent of the total measured cross section. The fact that these are the two dominant channels can be understood from the degree of inelasticity for each transition. In Fig. 3 , the energy levels of the collision system are shown. For Rb(5s)→Na(3s), the transition is exoergic process with a Q value of ϩ0.0354 a.u., whereas for Rb(5s)→Na(3p), the process is endoergic, with QϭϪ0.0419 a.u. From the asymptotic energy levels, it would appear that the dominant transition would be to the Na(3s) state, which not what is observed either experimentally or from the theoretical calculations.
A proper framework to understand the calculated results is best if based on the molecular potential curves. In the atomic orbitals close coupling ͑AOCC͒ approach, such curves are not calculated. Based on the model potentials ͑6͒ and ͑7͒, we have calculated the adiabatic potential curves of NaRb ϩ , and the results are shown in Fig. 4 . These curves are very similar to those calculated by Melius and Goddard ͓8͔ for the Li ϩ ϩNa system. From these curves, it is clear that transition to Na(3s) from Rb(5s) is dictated by the radial coupling between the two ⌺ states, which show an avoided crossing near Rϭ13 a.u. For the transition to Na(3p), there are two possibilities. A radial coupling between two ⌺ curves would populate the 3p 0 final state, while a rotational coupling between ⌺ and ⌸ states would populate the 3p 1 final state. For the latter, the two curves cross near Rϭ6 a.u., and this crossing is an efficient mechanism for populating the Na(3p) state at low energies. In fact, the calculated electroncapture probability ͓see Fig. 7͑b͔͒ for the 3p 1 substate does indeed peak near 6.0 a.u. We now examine the differential cross sections for these two dominant channels; see Fig. 5 . In order to compare with the MOTRIMS measurements, we performed a Gaussian convolution on the theoretical results with an angular resolution of 73.64, 87.2, and 138.0 rad for 7, 5 and 2 keV, respectively. The experimental results are normalized to the theoretical predictions at the peak for easy comparison.
From Fig. 5͑b͒ , it is clear that there is an excellent agreement between theory and experiment for the dominant Rb(5s)→Na(3p) channel. For the weaker Na(3s) channel, the agreement is quite good at 7 keV, but significant deviations can be seen at 2 keV. At this energy, the total cross section to 3s is only about 5% of the capture to 3p. The smaller cross section is reflected in the larger errors in the theoretical DCS, and the increased experimental uncertainty that is dominated by counting statistics.
Another observation is that the DCS for capture to 3s is peaked at smaller angles, reflecting the fact that capture occurs at larger impact parameters. In contrast, capture to 3 p occurs at larger scattering angles, reflecting the efficient rotational coupling at internuclear distance at about 6 a.u.
The DCS in Fig. 5 for different energies can be put on the same graph if we plot the DCS against E. This is done in Fig. 6͑a͒ for the experimental data for capture to the dominant 3p channel. In Fig. 6͑b͒ , the same data from the theoretical calculations without convolution are presented. It is clearly seen that the predicted DCS show many oscillations with respect to the scattering angle. Such oscillations are expected for collisions at low energies. Unfortunately, limitations in the angular resolution of the current MOTRIMS apparatus make the observation of such oscillations impossible.
In Fig. 7 , we illustrate the interplay between the calculated impact-parameter-dependent electron-capture probabilities and the differential cross sections for the Rb(5s)-Na(3p) transition. We also show the dependence on the magnetic quantum number. The dominant contribution from the rotational coupling near Rϭ6 a.u. is quite clear from the impact-parameter-dependent probabilities, but not as clear from the differential cross sections.
B. Na ¿ ¿Rb"5p…
For collisions of Na ϩ with the excited Rb(5p) states at energies of 2, 5, and 7 keV, the dominant processes are electron capture to the 3p and 4s states. This can be anticipated from the energy-level diagram, Fig. 3 , as well as from the potential curves in Fig. 4 . The calculated total cross sections are listed in Table IV . In these calculations, the initial 5p state is assumed to be randomly oriented, and the magnetic substates are distributed statistically, since the lasers are incident from three orthogonal directions. The total cross section for the dominant 3p channel is very large, reflecting electron capture occurring at large impact parameters. For the weaker channel, i.e., electron capture to the 4s state, the calculated total cross section has a minimum at 5 keV. In Table IV , we also present the cross-section ratio for 4s with respect to 3p, and compare the results with the experimental measurement. The agreement is quite good except at 5 keV, where the calculated result is outside the measured uncertainty.
First we anticipate the mechanism for the capture of a Rb(5p) electron to Na(3p) and Na(4s) in terms of the potential curves of Fig. 4 . Radial coupling will take an initial Rb(5p 0 ) to Na(3p 0 ), and the rotational coupling will take it to Na(3p 1 ). The rotational coupling is weak since there is no curve crossing. Thus the radial coupling, which has a slightly avoided crossing at large R near 22 a.u., is expected to be the dominant one. Similarly, if the initial state is Rb(5p 1 ), the radial coupling will take it to Na(3p 1 ), and the rotational coupling will take it to Na(3p 0 ). Again, the radial coupling is expected to dominate, and there is a weak avoided crossing between the two ⌸ curves at R near 15 a.u. We thus expect transition to Na(3p) to be quite large and to occur at large impact parameters. For transition to Na(4s), the energy gap at large R is more, thus transitions at larger impact parameters would be smaller, especially when the collision energy is decreased. At the lower energies, the avoided crossing FIG. 6 . ͑a͒ Experimental DCS as functions of scaled laboratory scattering angle E for Rb(5s)-Na(3p) at impact energies from 7 to 2 keV. Experimental data are normalized to the TCAOCC calculations. ͑b͒ is the same as ͑a͒ except that these are the results from TCAOCC calculations. between the two ⌺ curves at R near 9 a.u. should be more efficient in populating the Na(4s) state. In the following, we show that this qualitative interpretation is consistent with the calculated electron-capture probabilities. In Fig. 8 , the theoretical differential cross sections, after they have been convoluted with the experimental resolution, are compared to the measured cross sections. For Rb(5p) →Na(3p), the theoretical DCS agrees perfectly with the experimental measurement at 7 keV. At 5 keV, there is only a minor discrepancy. At 2 keV, the experimental DCS at larger angles is greater than what theory predicts. For the weak channel ͓i.e., Rb(5p)→Na(4s)], the overall agreement is less satisfactory. At 7 keV, the agreement at small angles is quite good, but the theory shows a shoulder at the higher energies. At 5 keV, the agreement between theory and experiment is only fair, and it appears that the shoulder at 7 keV becomes a pronounced peak at 5 keV. At 2 keV, the experimental signal is too weak to extract useful information, but the shoulder from theory at 7 keV appears to the major peak. We interpret this structure as being due to the avoided crossing of the two ⌺ curves. At 7 keV, the transition is dominated by the coupling at large R, thus the DCS is rather forward peaked. As the energy is decreased, the system evolves more adiabatically and probabilities for transitions at large R decrease. At 2 keV, transitions at large R become insignificant, and the major mechanism for transition occurs at the avoided crossing near Rϭ9 a.u. The calculated electroncapture probabilities to Na(4s) ͑not shown͒ indeed demonstrate this behavior, which can also be seen from the theoretical differential cross sections in Fig. 8͑a͒ . The mechanism also explains the minimum of the total cross section to Na(4s) at 5 keV. Above this energy, transitions occur mostly at large impact parameters. Below this energy, the Landau-Zener-type transition near Rϭ9 a.u. becomes more efficient such that the cross section increases with decreasing collision velocity. This interpretation is consistent with the calculated total cross sections and the differential cross sections.
In Fig. 9 we compare the DCS versus E for the three collision energies for the Rb(5p)-Na(4p) transition. On the top frame the experimental results are shown. On the bottom frame, the theoretical results without the convolution with angular resolution are shown. Apparently, the calculated angular distributions are peaked much more in the forward angles than the experimental measurements. Until the experimental angular resolution is improved to the point of being able to resolve the predicted rapid oscillations in DCS, the predicted propensity for forward peaking cannot be stringently tested.
V. SUMMARY
In summary, we have used the combination of two-center atomic-orbital close-coupling method and eikonal approximation to perform a detailed calculation on the chargetransfer differential cross section of Na ϩ -Rb collision at im- pact energies of 2, 5, and 7 keV. We have shown that the theoretical results agree extremely well with experiments for the dominant charge-transfer channels. However, for the weak channels, the agreement is less satisfactory. This discrepancy may indicate a sign of failure both in theory and experiment, in obtaining accurate results for the weak channels. We have also shown that the present MOTRIMS results are still unable to test the oscillatory structures predicted for the DCS, in particular, for transitions from excited initial states. However, an improvement of the experimental resolution is in progress, and it is hoped that a more precise measurement will display these oscillations.
